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example, Pantev and colleagues have shown that training can be 
instrument-speciﬁ  c (Pantev et al., 2001; Schulz et al., 2003; Shahin 
et al., 2008), and that the electroencephalography (EEG) responses 
of children taking music lessons change differently over the course 
of a year compared with those of children not studying music 
(Fujioka et al., 2006). A further ﬁ  nding is that musicians who have 
improved their auditory functions show also improved language 
functions as well as more efﬁ  cient processing of language (Besson 
et al., 2007; Marques et al., 2007; Imfeld et al., 2009; Moreno et al., 
2009; Oechslin et al., 2010).
In this study, we focus on a speciﬁ  c subgroup of musicians, namely 
those with absolute pitch (AP). In general, AP is deﬁ  ned as the ability 
to detect a pitch without any tonal reference. But it is still a matter 
of debate whether the extraordinary hearing acuity of AP devel-
ops due to musical training or is genetically determined (Vitouch, 
2003; Levitin and Rogers, 2005). Regarding the neural underpin-
nings of AP, it has been shown that AP is characterized by speciﬁ  c 
features, mostly related to anatomical and physiological features 
and the speciﬁ  c role of the left hemisphere and left-sided perisylvian 
brain areas in particular. For example, a left- hemispheric volumetric 
asymmetry in the planum temporale (Schlaug et al., 1995a; Keenan 
et al., 2001; Gaser and Schlaug, 2003) has been reported. In terms 
of cortical activations, various studies demonstrated hemodynamic 
and electrophysiological lateralization effects (mostly favouring the 
left hemisphere) in musicians with AP while processing both music 
(Ohnishi et al., 2001; Schön et al., 2004; Gaab et al., 2006) and speech 
stimuli (Oechslin et al., 2010).
In the present study, we explored the anatomical characteristics 
of a particular ﬁ  bre system, namely the superior longitudinal ﬁ  bre 
tract (SLF), in AP and non-AP musicians [also called relative 
INTRODUCTION
The musician’s brain has attracted much attention in recent years of 
neuroscience research as a model for brain plasticity (Münte et al., 
2002). This research has shown that musicians demonstrate speciﬁ  c 
anatomical features related to their speciﬁ  c training expertise. In 
particular, those brain areas involved in controlling music-speciﬁ  c 
behaviour (auditory perception, motor control, and memory proc-
esses) reveal anatomical differences compared with non-musicians 
(NM). For example, there are differences between musicians and 
NM in volume and grey matter density in the auditory cortex, 
including Heschl’s gyrus and the planum temporale (Schlaug et al., 
1995a; Keenan et al., 2001; Schneider et al., 2002, 2005, 2009; Lüders 
et al., 2004; Hänggi et al., 2008; Bermudez et al., 2009). In addi-
tion to the auditory cortex, there are differences in Broca’s area, 
the motor cortex, the cerebellum and parts of the parietal cortex 
(amongst others) between musicians and NM (Elbert et al., 1995; 
Schlaug et al., 1995b; Sluming et al., 2002, 2007; Gaser and Schlaug, 
2003; Hutchinson et al., 2003; Bangert et al., 2006).
Besides these anatomical differences, numerous studies have 
shown that musicians process auditory and motor information 
differently, as indicated by neurophysiological measures (Pantev 
et al., 1998; Jäncke et al., 2000, 2006; Münte et al., 2002; Lotze et al., 
2003; Fujioka et al., 2004, 2005; Peretz and Zatorre, 2005; Shahin 
et al., 2005; Koeneke et al., 2006; Baumann et al., 2007, 2008; Lappe 
et al., 2008; Herholz et al., 2009; Oechslin et al., 2010). Most of 
these studies have attributed these effects to the daily hours of 
intensive training over many years. Since most of these studies 
are cross-sectional in nature it is difﬁ  cult to attribute these differ-
ences directly to music practice. However, some studies directly 
support the idea of practice-dependent effects in musicians. For 
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pitch (RP) possessors]. The SLF of particular interest because it 
connects the temporal areas involved in lower and higher order 
auditory processing with frontal brain areas involved in the con-
trol of several executive functions (including working memory, 
attention and many more) (Geschwind, 1970; Hagmann et al., 
2006a). Evidently, the coordinated interplay between temporal 
and frontal brain areas is important for language and music func-
tions (Aboitiz and Garcia, 1997, 2009; Glasser and Rilling, 2008; 
Rilling et al., 2008; Friederici, 2009). Thus it has been hypoth-
esized that the evolution of this ﬁ  bre tract is pivotal for the control 
of many cognitive functions, which are typical for human beings 
(e.g. language).
The SLF can be characterized as a bundle of white matter tracts 
including three distinct pathways: ﬁ  rstly, an anterior indirect seg-
ment connecting parietal cortical ﬁ  elds (inferior parietal lobe) with 
the frontal lobe (frontal operculum); second, a posterior indirect 
segment, which connects the perisylvian [posterior superior tem-
poral gyrus (STG)], the middle and inferior temporal region with 
the parietal lobe; and, third, a long direct segment connecting the 
temporal lobe with the frontal lobe (Catani and Mesulam, 2008). 
In addition, the large bundle of ﬁ  bres connecting the posterior 
part of the temporoparietal junction with the frontal lobe, called 
arcuate fasciculus (AF), includes sections of the two frontal pro-
jecting SLF pathways. Thus, the AF is considered to be part of the 
SLF. To date, several studies, each pursuing a different strategy of 
diffusion tensor imaging (DTI) data and ﬁ  bre tractography (FT) 
analysis, have succeeded in tracing and separating SLF pathways 
(Makris et al., 2005, 2009; Barrick et al., 2007; Catani et al., 2007; 
Frey et al., 2008; Upadhyay et al., 2008).
DTI is the current standard for in vivo study of white matter 
anatomy of the human or animal brain and has attracted increas-
ing attention over the past decade. While standard imaging-based 
neuropsychological research focuses on function and anatomy of 
grey matter using functional magnetic resonance imaging (fMRI) 
or voxel-based morphometry (VBM), the in vivo neuroimaging 
technique of DTI combined with ﬁ  bre tracking (FT) offers a com-
plementary way of exploring the architecture of white matter and 
axonal connectivity. DTI is based on magnetic resonance (MR) 
technology and provides measures of water diffusion in different 
spatial directions in the brain (Hagmann et al., 2006b; Mori and 
Zhang, 2006). The most commonly studied diffusion parameter 
is fractional anisotropy (FA), which quantiﬁ  es the directionality 
of diffusion within a voxel between 0 (undirected, isotropic) and 
1 (directed, anisotropic and is derived from the diffusion tensor 
(Hagmann et al., 2006b; Mori and Zhang, 2006). Since white mat-
ter in the brain consists of aligned axonal ﬁ  bres, diffusion is con-
strained perpendicular to the orientation of these ﬁ  bre bundles, 
which leads to anisotropic diffusion. The principal direction of 
diffusion reﬂ  ects the orientation of a ﬁ  bre bundle in a speciﬁ  c 
voxel and is, therefore, exploited by ﬁ  bre tracking algorithms. The 
mean diffusivity (the trace of the diffusion tensor) is a measure for 
the amount of diffusion, which can be divided into an axial dif-
fusivity component (λ⏐⏐, diffusion along the axons) and a radial 
diffusivity component (λ⊥, diffusivity perpendicular to the axons). 
While λ⏐⏐ corresponds to the ﬁ  rst eigenvalue of the diffusion ten-
sor (λ⏐⏐ = λ1), λ⊥ is calculated by averaging the second and third 
eigenvalue: λ⊥ = (λ2 + λ3)/2 (Alexander et al., 2007).
FA has been found to increase during white matter   maturation 
in the developing brain (Beaulieu, 2002; Cascio et  al., 2007; 
Eluvathingal et al., 2007) and to decrease in the elderly (Moseley, 
2002; Bhagat and Beaulieu, 2004). Reduced FA values have been 
reported in patients suffering from neurodegenerative diseases 
(Sundgren et al., 2004) or spinal cord injury (Wrigley et al., 2009). 
Furthermore, FA has been found to be positively correlated with 
behavioural measures such as reading ability (Klingberg et al., 2000; 
Beaulieu et al., 2005; Niogi and McCandliss, 2006), performance 
in a speeded lexical decision task (Gold et al., 2007), and musi-
cal sensorimotor practice (Bengtsson et al., 2005). However the 
relations between white matter development, degeneration and 
training-induced plastic changes on the one hand and water dif-
fusion characteristics on the other still remain poorly understood 
and a matter of controversy (Beaulieu, 2002; Alexander et  al., 
2007; Ashtari et al., 2007). Notably only a small number of studies 
have tried to investigate the relationship between musical exper-
tise, language associated cortical regions and related white mat-
ter structures using the DTI method, although it lends itself well 
to visualizing characteristic aspects of white matter plasticity as a 
function of musical practice and extensive hearing experience: So 
far differences have been characterized by greater values of FA in 
the genu of the corpus callosum, lower FA in the corona radiata 
and the bilateral internal capsule, respectively (Schmithorst and 
Wilke, 2002). Another study, particularly focusing on the corticos-
pinal tract (CST), conﬁ  rmed signiﬁ  cantly lower FA values in both 
hemispheres of musicians compared to NM, whereas diffusivity in 
the CST was negatively correlated with the onset of musical train-
ing in childhood (Imfeld et al., 2009). Additionally, one DTI study 
identiﬁ  ed positive correlations between the magnitude of local FA 
values and practice time in childhood and later life of professional 
musicians: bilaterally in the internal capsule, both in the splenium 
and the isthmus of the corpus callosum and in the ventral pathway 
of the right SLF (Bengtsson et al., 2005).
The above-mentioned studies conﬁ  rmed white matter  structure–
function correspondence related to long-term musical training. 
Recent studies using fMRI and EEG provide strong evidence for 
alterations not only in music but also in speech processing modu-
lated by musical expertise (Schön et al., 2004; Marques et al., 2007; 
Musacchia et al., 2007; Catani and Mesulam, 2008; Oechslin et al., 
2010). In this context, it would therefore be promising to focus on 
the white matter structure, which is responsible for a proper neural 
information supply in order to guarantee an accurate decoding of 
acoustic signals and speech production, respectively.
Several studies have shown that AP is related to processes and 
anatomical grey matter differences, which are lateralized to the left 
perisylvian brain area (Schlaug et al., 1995b; Ohnishi et al., 2001). 
The present study aimed to elucidate the extent to which white 
matter differences of the SLF reﬂ  ect functional and anatomical 
lateralization effects in association with the acuity of AP.
MATERIALS AND METHODS
PARTICIPANTS AND ABSOLUTE PITCH TEST
A total number of 39 subjects participated in this study: 13 pro-
fessional musicians with AP, 13 professional musicians with RP, 
and 13 NM as control subjects. All musicians had started musi-
cal practice before the age of 10 (Table 1). All participants were Frontiers in Human Neuroscience  www.frontiersin.org  February 2010  | Volume 3  |  Article 76  |  3
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tested for their hand preference using the Annett Handedness 
Questionnaire (Annett, 1967) and were veriﬁ  ed according to the 
procedure described by Annett as consistent right-handers. The 
musicians played a variety of instruments including the violin, 
viola, piano, trombone and the traverse ﬂ  ute. Local ethical com-
mittee approval was obtained and all subjects provided written 
informed consent consistent with the Declaration of Helsinki.
We evaluated AP among professional musicians (AP and RP) with 
an in-house designed test: participants heard 108 pure sine wave 
tones, presented in pseudo-randomized order, which ranged from A3 
(tuning: A4 = 440 Hz) to A5, while each tone was presented ninefold 
(threefold in each octave). The accuracy was evaluated by counting 
correct answers – the semi-tone errors were taken as incorrect to 
increase the discriminatory power by means of AP. Furthermore, the 
participants were not asked to identify the adjacent octaves of the 
presented tones, as for AP it is a most notable prerequisite to identify 
the correct chroma. Accurate detection of octaves is quite a difﬁ  cult 
task, which is hardly possible even for musicians with AP.
Each tone of the AP-test had duration of 1 s; the inter-stimulus 
interval (ISI) of 4 s was ﬁ  lled with brown noise. Subjects had to 
write down the tonal label immediately after they heard the accord-
ant tone (i.e. while hearing the 4 s of brown noise).
DTI DATA ACQUISITION
We performed DTI on a 3T whole body MR system (Signa Excite II, 
GE Healthcare, Milwaukee, USA) using a standard 8-channel head 
coil. Axial imaging was performed in accordance with an imaging 
plane parallel to the anterior–posterior commissural (AC–PC) line. 
We sampled the diffusion tensor by repeating a diffusion-weighted 
single-shot spin-echo echo-planar sequence along 21 different geo-
metrical directions. Diffusion sensitization was achieved with two 
balanced diffusion gradients centred on the 180° radio-frequency 
pulse. An effective b-value of 1000 s/mm2 was used for each of 
the 21 diffusion-encoding directions. Three measurements were 
performed without diffusion weighting (b0 of 0 s/mm2) at the 
beginning of the sequence. Scan parameters were TR = 8000 ms; 
TE = 91 ms; matrix size = 128 × 128; and FOV = 240 × 240 mm. 
A total of 42 contiguous 3-mm-thick axial sections were acquired. 
Data quality was examined using DTI-Studio (Jiang et al., 2006). 
And bad slices were excluded from analysis (11 bad slices out of 
all acquired slices (39 × 24 × 42 = 39312) in the three groups (AP/
RP/NM) of participants).
PREPROCESSING
FA and mean diffusivity (trace) images were calculated in native 
space using DTI-Studio (Jiang et al., 2006). Preprocessing of these 
images consisted of four steps: (1) brain extraction, (2) nonlinear 
normalization to Montreal Neurological Institute (MNI) space, 
(3) smoothing for voxel-wise analysis, and (4) thresholding for 
selection of white matter only.
Normalization was done by estimating the morphing param-
eters from a nonlinear normalization of the mean b0 image’s grey 
matter component to SPM5’s grey matter probability map. These 
parameters where then applied to the FA and diffusivity images, 
resulting in accurate alignment of the SLF in all subjects. The 
smoothing kernel of 8 mm was chosen according to standards in 
DTI literature (Snook et al., 2007). However, for ROI analysis we 
used unsmoothed data (voxel size 2 × 2 × 2 mm) to avoid partial 
volume contribution by signal from neighbouring non-white mat-
ter voxels. Thresholding for selection of white matter only was done 
by subjecting FA and diffusivity images to a combined threshold 
of FA >0.25 and trace <0.004.
FIBRE TRACTOGRAPHY
In order to determine regions for ROI analysis, SLF probability 
maps for each group and each hemisphere were created, using 
deterministic FT. First, diffusion tensors were calculated in MNI 
stereotaxic standard space for every subject using the diffusion II 
toolbox for SPM available at http://souceforge.net/projects/spm-
tools. The tensor data were transformed into a data format ame-
nable to the DTI&Fibre Tools software package for ﬁ  bre tracking 
and visualization (Kreher et al., 2006). Using this software, a deter-
ministic ﬁ  bre-tracking algorithm (Mori et al., 1999) was performed 
on the whole brain, initiating a ﬁ  bre at the centre of every voxel. 
Tracking was automatically terminated if the FA value of the current 
voxel dropped below 0.15 or mean diffusivity exceeded 0.002, indi-
cating grey matter or cerebro-spinal ﬂ  uid voxels. Fibres were also 
terminated if the angle between the principal eigenvectors of the 
current and the next voxel exceeded 53.1° (Kreher et al., 2006).
According to the described ﬁ  bre tracking strategy by Mori 
et al. (2002) a multi-ROI approach in MNI space was used to 
select the SLF ﬁ  bre structure. As depicted in Figure 1 we used 
two spatially separated ROIs to reconstruct the whole SLF 
pathway (Catani et  al., 2007) – this procedure covers both 
the indirect (parietal-frontal-projection) and direct pathway 
(temporo-parieto-frontal projection).
Since ﬁ  bre tracking was performed in MNI space, the process of 
extracting the individual ﬁ  bre structures of each subject was auto-
mated in order to reduce observer bias. The resulting ﬁ  bre structures 
were visually inspected and only an ignorable number of spurious 
ﬁ  bres not belonging to the SLF had to be eliminated manually.
Visit masks (ROIs marking voxels which contain ﬁ  bres of a 
speciﬁ  c ﬁ  bre tract) were generated for the SLF ﬁ  bre structure in 
the two hemispheres of every subject. These binary visit-masks 
Table 1 | This table displays group speciﬁ  c data of gender, age, practice start, total amount of practice years and errors in the AP-test (mean ± SD). 
None of the parameters differs signiﬁ  cantly with respect to the observed experimental groups except the evaluated AP performance [one-tailed t-test for 
independent samples: p < 0.001 (t = 18.75), Kolmogorov–Smirnov test demonstrated normally distributed AP-test performance in RPs and APs (p > 0.2)].
  Gender (m/f)  Age  Practice start  Amount of practice years  Errors AP-test
Musicians with absolute pitch (AP)  5/8  24.6 ± 3.3   6 ± 1.8  18.6 ± 2.4  16.2 ± 14.9
Musicians with relative pitch (RP)  5/8  24.6 ± 2.1  7 .5 ± 2.1  17 .1 ± 3.2  98.9 ± 5.6
Non-musicians (NM)  6/7  25.6 ± 5.3  –  –  –Frontiers in Human Neuroscience  www.frontiersin.org  February 2010  | Volume 3  |  Article 76  |  4
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were averaged across subjects (13 subjects per group) in order 
to obtain group probability maps for each hemisphere as shown 
in Figure 2.
ROI ANALYSIS BASED ON THRESHOLDED SLF PROBABILITY MAPS
Group-speciﬁ  c ROIs for the left and the right SLF were derived from 
the probability maps by applying a threshold at p < 0.05, to obtain 
volumetric regions with a maximized probability of ﬁ  bre trajecto-
ries. Thus we extracted volumetric ROIs of asymmetric shapes that 
represent group and hemisphere speciﬁ  c ﬁ  bre volumes in voxels 
(Figure 3). This approach allows registration of subtle differences 
of SLF volumes between groups and hemispheres that would be 
washed out when using a standard approach. Extraction of binary 
ROIs from probability maps was used within SPM5 (http://www.
ﬁ   l.ion.ucl.ac.uk/spm/software/spm5/). Mean FA-values were 
extracted from the ROIs of all 39 subjects using an in-house writ-
ten Matlab script. Two-way ANOVA (hemisphere × expertise) with 
one repeated measurements factor (hemisphere) and subsequent 
two-tailed paired samples t-tests (Bonferroni corrected for multiple 
comparisons) and was performed to evaluate hemispheric differ-
ences as a function of musical expertise.
VOXEL-WISE ANALYSIS OF MUSICIANS’ SLF
To examine the relation between local anisotropic characteristics 
and AP-test performance, we performed multiple regression within 
SPM5. To focus on the SLF structure bilaterally this voxel-wise 
analysis, we used the AP group-speciﬁ  c unthresholded probability 
map as binary template for bilateral explicit masking (Figure 4). 
Subsequently, signiﬁ   cant clusters [p < 0.01  (unc.),  k = 5]  were 
extracted using the SPM5 toolbox marsbar, and served as ROIs for 
the analysis of individual FA maps. Although one might be dubious 
about the application of cluster ROIs instead of more established 
spherical ROIs, we prefer to apply the former in this case, since this 
strategy allows the most precise determination with respect to the 
SLF structure (deﬁ  ned by the SLF binary mask) and white matter in 
general. This procedure has been executed in both groups of musi-
cians (AP and RP), but not in NM, since the latter group is not able to 
perform the AP-test due to musical illiteracy. Furthermore, we corre-
lated mean FA values with the AP-test errors of the accordant group 
by calculating the Pearson’s correlation coefﬁ  cients (Figure 5).
RESULTS
The SLF delineated on the basis of the probability maps is shown 
in Figure 3. Based on six a priori deﬁ  ned ROIs (3 groups × 2 hemi-
spheres) the mean FA values were subjected to a two-way ANOVA 
[expertise (AP/RP/NM)  × hemisphere (LH/RH)] with repeated 
measurements on one factor (hemisphere) and revealed signiﬁ  cantly 
between-hemisphere differences as a function of musical expertise 
[interaction expertise ×hemisphere: F(2,36) = 7.04, p< 0.01]. In order 
to qualify this interaction we conducted subsequent post-hoc paired 
t-tests (p< 0.05, Bonferroni corrected) and identiﬁ  ed that AP musi-
cians showed a signiﬁ  cant left-greater-than-right lateralization (t = 2.8, 
p = 0.016). NM on the other hand showed a signiﬁ  cant right-greater-
than-left lateralization (t = −2.79, p = 0.016), whereas RP showed no 
inter-hemispheric differences (t = −0.63, p = 0.543; Table 2).
Multiple regression of APs’ FA maps using their AP-test error 
rates as covariates revealed three clusters located exclusively within 
the left-hemispheric SLF indicating signiﬁ  cant positive correlations 
between error rates and FA indices of APs (Figure 5A). In other 
words, high performance in the AP-test is associated with low mean 
FA values within the observed regions. These clusters are situated 
in portions of the SLF which connect anterior, posterior and peri-
sylvian regions that are essential for the cortical organization of 
speech processing (Hickok and Poeppel, 2007): The ﬁ  rst one, rep-
resenting the cluster with the highest correlation effect (−28, −28, 
FIGURE 1 | A 3-D model of the left SLF of a single subject is displayed. 
The red areas indicate the anterior and posterior ROI used for creating the SLF 
ﬁ  bre subset. Only ﬁ  bres running through both ROIs are considered to be part 
of the tracked ﬁ  bre structure.
FIGURE 2 | Here the probability map for the SLF of the AP group (n = 13) is illustrated – combined for two hemispheres. Voxels are displayed with 
unthresholded probabilities.Frontiers in Human Neuroscience  www.frontiersin.org  February 2010  | Volume 3  |  Article 76  |  5
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FIGURE 3 | The ROIs calculated by thresholding probability maps 
of bilateral SLFs’ are illustrated in red (left) and blue (right), surrounded 
by unthresholded group speciﬁ  c probability maps (gold). The bar 
chart illustrates for each group and both hemispheres the standard 
deviation (error bars) and means of FA values calculated by comprising 
all suprathreshold voxels within the deﬁ  ned ROIs (p < 0.05). Asterisks 
indicate signiﬁ  cant inter-hemispheric within-group differences (*p < 0.05) as a 
result of t-tests for paired samples (two-tailed). Moreover, the between-group 
analysis (two-way ANOVA) revealed a signiﬁ  cant interaction 
expertise × hemisphere.
FIGURE 4 | The unthresholded probability map of the bilateral SLF served as template to create the illustrated binary mask while performing the voxel-
wise analysis.
of AP, all clusters revealed signiﬁ  cant (p < 0.01) positive correla-
tions (r) between 0.69 and 0.77 (n = 13), whereas in RP there is no 
evidence for a relationship between their error rates and FA values 
for the same sample of ROIs (Figure 5).
DISCUSSION
This study focused on alterations in white matter as a function 
of musical training and exceptional hearing abilities. Our speciﬁ  c 
interest, as outlined in the introduction and reﬂ  ected in our analy-
sis, concerned whether and to what extent there are differences 
in FA-values within the SLF structure between (1) musicians and 
NM, and (2) between musicians with and without AP. Firstly, we 
discuss ROI-based effects of hemispheric lateralizations that reﬂ  ect 
44; k = 6, t = 4.15, p = 0.01, uncorrected; Figure 5B) is located at 
the superior border of the frontoparietal SLF projection, next to 
the fundus of the postcentral gyrus; the second is located deeply 
within the inferior-frontal ramiﬁ  cations projecting into the fron-
tal operculum (−40, −2, 22; k = 9, t = 3.16, p = 0.01, uncorrected; 
Figure 5C); and the third most extended cluster is located laterally 
at the SLF’s posterior indirect segment projecting to the inferior 
temporal sulcus and the middle temporal gyrus (MTG) (−42, −50, 
4; k = 20, t = 3.94, p = 0.01, uncorrected; Figure 5D).
Based on the ROI analysis, as described in Section “Materials 
and Methods,” and the correlation of mean FA indices of the clus-
ter ROIs with the AP’s error rates, we emphasize the relationship 
indicated by voxel-wise analysis: In relation to the auditory acuity Frontiers in Human Neuroscience  www.frontiersin.org  February 2010  | Volume 3  |  Article 76  |  6
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FIGURE 5 | (A) Shows the three signiﬁ  cant clusters (B–D) identiﬁ  ed by 
a voxel-wise multiple regression, characterized by FA values which 
signiﬁ  cantly correlate with the error rates of the APs in the AP-test. The 
highest correlational effect [designated by the epsilon (ε)] has been identiﬁ  ed as 
the most superior located cluster (B) of the SLF . (B–D) provides close 
inspections of the signiﬁ  cant clusters and plotted correlations obtained by the 
additional ROI analysis, which is based on the identiﬁ  ed clusters in APs (see 
Section “Materials and Methods”). Accordingly, the error rates are plotted 
against mean FA values of RP and AP found by the ROI analysis. Asterisks 
(**p < 0.01) indicate the level of signiﬁ  cance with respect to the calculated 
correlational coefﬁ  cients (Pearson’s r). Furthermore, (B–D) provides additional 
information concerning the corresponding cluster [k = number of voxels, 
t = highest t-value within the cluster, (x, y, z) = coordinates of the peak voxel of 
each cluster in MNI space].
between-group differences. Secondly, our discussion emphasizes 
AP-speciﬁ  c FA characteristics for the SLF as a whole. Finally, we 
discuss our results in the context of myelination principles and 
axonal formation and we introduce the Pioneer Axon Thesis.
ROI ANALYSIS DUE TO PROBABILITY MAPS
The utilization of group-speciﬁ  c probability maps for ROI gen-
eration revealed a lateralization effect as a function of musical 
expertise (as revealed by the ANOVA). We found greater left than 
right lateralization of mean FA values in AP and greater right 
than left lateralization in NM, while there was no signiﬁ  cant 
  lateralization effect in RP. In contrast, the analysis of the complete 
 structure of SLF, by averaging FA values of all corresponding voxels 
(Figure 4), revealed no signiﬁ  cant lateralization effect as a function 
of musical  expertise.
The group-speciﬁ  c lateralization of mean FA values (Figure 3) 
cannot be explained by differences in the biographic variables 
age, onset of musical training, or total amount of practice years 
(Table 1). The inclusion of these biographical parameters – both 
partial (corrected for age) and bivariate – in our correlational 
approach allows us to rule out any signiﬁ  cant relationship between 
these demographic parameters1 and mean FA values within the 
ROIs of the left/right hemisphere in all three groups. A meaning-
ful inﬂ  uence of these factors on the demonstrated group-speciﬁ  c 
lateralization effects appears unlikely. The signiﬁ  cant interaction 
expertise × hemisphere and the results of post-hoc t-tests suggest 
that the SLF asymmetry is directly related to the acuity of AP and 
musical expertise.
The present data is in accordance with the literature pointing out 
the special role of the left hemispheric auditory processing by means 
of structural (Schlaug et al., 1995a; Keenan et al., 2001; Lüders et al., 
2004) and functional plasticity (Pantev et al., 1998; Ohnishi et al., 
2001; Oechslin et al., 2010) modulated by the level of  musical exper-
1With one single exception: mean FA-values of C’s left hemispheric SLF ROI are 
signiﬁ  cantly correlated with age (r = 0.573*, p = 0.041).
Table 2 | The upper part of this table contains the descriptive data 
(mean ± SD) reﬂ  ecting the performed ROI analysis based on 
thresholded probability maps. Additionally, the t-tests (*p < 0.05) show 
within-group differences (Bonferroni corrected) of the mean FA values 
between the left (LH) and the right hemisphere (RH).
 AP  RP  NM
FA left SLF (mean ± SD)  0.562 ± 0.04  0.542 ± 0.05  0.540 ± 0.05
FA right SLF (mean ± SD)  0.536 ± 0.05  0.549 ± 0.03  0.573 ± 0.06
t-Tests (paired, two-tailed) LH vs. RH
  t 2.8  −0.63  −2.79
  p 0.016*  0.543  (n.s.)  0.016*Frontiers in Human Neuroscience  www.frontiersin.org  February 2010  | Volume 3  |  Article 76  |  7
Oechslin et al.  White matter plasticity in musicians
tise and AP in particular: Generally speaking, the ﬁ  nding concerning 
the signiﬁ  cant interaction hemisphere × expertise indicates substan-
tial anatomical between-group differences in terms of measuring 
white matter properties of the SLF core structure irrespective of 
what we know about FA-values. However, taking into account that 
in principle relatively high anisotropy is associated with increased 
diffusivity (Hagmann et al., 2006b) when focusing on neural popu-
lations with a high degree of parallel aligned ﬁ  bres (like in the core 
of the SLF) we can conclude, that AP musicians obviously show a 
stronger connectivity of axonal projections within the left SLF than 
in the right SLF, whereas NM show a vice-versa relationship and RP 
show no hemispheric difference. With respect to the above men-
tioned structural and functional hemispheric preponderance of 
auditory signal processing in musical experts, the present ﬁ  ndings 
seem intriguingly to introduce a developmental specialization of 
the left SLF architecture by means of an enhanced ﬁ  bre connectivity 
and thus information transfer in musicians with AP.
MULTIPLE REGRESSION EFFECTS
Our study sought to investigate AP-speciﬁ  c anisotropic distributions 
in the SLF structure, the results of the multiple regression revealing 
an interesting pattern. This comprised three left- lateralized clusters 
in which FA values correlated positively with the error rates of 
the AP-musicians such that low FA values correspond with high 
performances in the AP-test. That these clusters were located at 
important areas of the SLF architecture and of language processing 
(Glasser and Rilling, 2008) leads us to assume that this structural 
asymmetry might have functional implications.
We begin by discussing the two clusters that are part of the arcu-
ate branch of the SLF (Figures 5B,C). One of these was located at 
the superior border of the frontoparietal connection (AF) and is 
conspicuous by its vicinity to the inferior parietal region, whereas 
the second was located deep inside the frontal arcuate bundle as it 
projects into the frontal operculum. Recent observations demon-
strate that these latter two cortical grey matter regions are involved 
in action-related sound recognition (Lahav et al., 2007). In this 
study, these two regions were activated simultaneously when lis-
tening to a newly acquired piece of music, but only in NM. Of 
course, this function of audio-motor integration is one of the most 
important aspects of AP, both with respect to acquisition of AP and 
daily practice by AP-musicians. This rare group of musicians most 
likely associates any heard musical pitch with the corresponding 
ﬁ  nger position on the instrument. It is thus reasonable to assume 
that these two clusters are unique to musicians with AP, presumably 
reﬂ  ecting AP’s exceptional associative linkage between auditory 
and motor function.
The third SLF cluster was functionally associated with the poste-
rior auditory cortex, and projects to the posterior STG, the superior 
temporal sulcus (STS), and the MTG (Figure 5D). Although evalu-
ation of the exact ﬁ  bre termination was not possible, the role in 
speech and auditory processing of the terminal zones of the SLF is 
undisputed (Buchsbaum et al., 2001; Vigneau et al., 2006). In favour 
of our interpretation, a recent DTI study identiﬁ  ed two distinct SLF 
pathways in the left hemisphere projecting to language-related cor-
tical areas that both connect the inferior-frontal area with the pos-
terior perisylvian region and the middle-temporal region, (Glasser 
and Rilling, 2008). In this study, tractography results were compared 
with peak activation coordinates from prior functional imaging 
studies. In particular, the authors compared the volumes of the 
identiﬁ  ed pathways between left and right hemisphere. Grey matter 
STG terminations of the SLF were found to be strongly left lateral-
ized and associated with phonological activations in the left but 
not in the right hemisphere. Similarly, the MTG terminations were 
also found to be strongly left lateralized, overlapping in this case 
with activations associated with lexical semantic activations. Even 
if these ﬁ  ndings are not speciﬁ  cally related to musical expertise, our 
data are well in line with a previous paper of our group (Oechslin 
et al., 2010) that reported modulation of activation in brain areas 
involved in higher language processing by musical expertise and 
AP. More speciﬁ  cally, musical expertise (AP in contrast to NM) was 
associated with functional alterations in the posterior parts of the 
left hemispheric MTG and STS. Given the consistency of this data 
with that of the current study, we suggest a relationship between 
local FA values and AP ability that reﬂ  ects a strong link between 
musical expertise, AP, and language processing.
NEURAL FORMATION AND AXONAL MYELINATION
In the following, we specify the rationale behind our hypothesis 
that this lateralization effect is a core feature of AP and based on 
primal neural formation and myelination of the AF, as part of the 
SLF, possibly evident long before these individuals become aware 
of AP.
We now discuss this issue more comprehensively in order to 
subsequently put forward what we term the Pioneer Axon Thesis 
(Figure 6 depicts a schematic illustration of different possible 
organizational principles of the architecture of the arcuate ﬁ  bre 
bundle). The principles of axonal guidance have been well inves-
tigated (Sperry, 1963; Tessier-Lavigne and Goodman, 1996; Yu and 
Bargmann, 2001; Guan and Rao, 2003). But the current lack of 
histological longitudinal studies of white matter development dur-
ing critical periods of brain development means that, as far as we 
know, no studies have yet addressed the architectural ﬁ  bre arrange-
ment of white matter fasciculi in the human brain. But several 
DTI studies have focused on the development of white matter in 
different stages of maturation: in premature newborns (Partridge 
et al., 2004, 2005), during the ﬁ  rst 2 years of life (Mukherjee et al., 
FIGURE 6 | Here a schematic cross-section of the arcuate fasciculus is 
delineated. On the left (A) the orientation of the fasciculus are deﬁ  ned by 
three axes anterior–posterior, dorsal–ventral and lateral–medial. The second to 
the left scheme (B) represents a chaotic distribution of axonal ﬁ  bres, with 
several possible arbitrary positions of the pioneer axon, whereas the 
increased red colour typiﬁ  es older axonal pathways. The second to the right 
scheme (C) stands for a possible alternative order driven by a laterally oriented 
axonal architecture. At the right scheme (D), the proposed architecture due to 
the maturation of the fasciculus is outlined as suggested by the Pioneer Axon 
Thesis – thus, the pioneer axon is located medially.Frontiers in Human Neuroscience  www.frontiersin.org  February 2010  | Volume 3  |  Article 76  |  8
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2002; Schneider et al., 2004; Gao et al., 2009) and in later life and 
adolescence (Schmithorst et al., 2002; Snook et al., 2005, 2007). In 
investigating different DTI parameters like FA, radial and axial dif-
fusivities, these studies provide important data on early maturation 
and myelination of different white matter structures in the devel-
oping brain. The study of cytological and quantitative aspects of 
callosal axon addition and elimination in rhesus monkey (LaMantia 
and Rakic, 1990) has shown axon addition occurring exclusively 
during the period of midgestation through to birth and elimina-
tion of about 70% of the callosal axons 4 months after birth. And, 
in a study that focused on the frontal and the temporal lobe in 
human brains, a linear degeneration of white matter volume that 
continued into the ﬁ  fth decade of life was demonstrated (Bartzokis 
et al., 2001).
However, it is in postnatal life that reduced tortuosity towards 
a more straightened, parallel and dense ﬁ  bre architecture as a 
function of aging emerges (Takahashi et al., 2000; Paus, 2005; 
Ashtari et  al., 2007). Fibre orientations especially in the SLF 
have been revealed to be rather random in neonates and to show 
gradual organization along the anterior–posterior orientation 
during development (Zhang et al., 2007). Most importantly, of 
the language-related regions (involved in both perception and 
production), the AF matures last in terms of myelination (poste-
rior sylvian region, Broca’s area, primary motor cortex, primary 
visual cortex, primary auditory cortex and visual–auditory transi-
tion area – gyrus angularis). The pace of myelination of the AF 
in particular is reported to be similar to these language-related 
regions, but decelerates after 3 years of age (Su et al., 2008). This 
characteristic pattern of slow progression of the AF appears to be 
strongly linked to language acquisition and an age-related increase 
in vocabulary (Kuhl, 2004; Pujol et al., 2006; Zhang et al., 2007). 
This is in line with important ﬁ  ndings that the associative pari-
etal and temporal fasciculi are the last structures to commence 
myelination, showing a protracted course into adulthood (Paus 
et al., 1999; Dubois et al., 2008). In general, myelination proc-
esses actually affect diffusion characteristics that are considered 
to continue over a relatively long period of life: Using in vivo 
morphometry in 111 children (aged 4–17 years), the left AF was 
found to correlate positively between age and white matter den-
sity (Paus et al., 1999). According to these authors, the parameter 
density reﬂ  ects increases in axon diameter, myelination or iron 
concentration, separately or in combination. Cross-section DTI 
studies of children and adolescents revealed that FA values are sig-
niﬁ  cantly positively correlated with age in the language-relevant 
structures STG, MTG and STS (Barnea-Goraly et al., 2005) and 
left AF (Schmithorst et al., 2002; Ashtari et al., 2007).
But there is to our knowledge no data on which basis the local 
ﬁ  bre arrangement may be interpreted as an expression of cortical 
maturation within single white matter structures. We therefore pro-
pose the Pioneer Axon Thesis as a tentative approach for interpreting 
our DTI data within the context of axonal development and the 
organizational principles underlying the formation of major white 
matter pathways like the AF.
We propose a link between axonal arrangements and myelina-
tion processes: Since the axonal connections are terminated very 
early in postnatal life compared with long-lasting myelination 
processes, we assume that this developmental asynchronicity has a 
considerable impact on local anisotropic properties of white matter 
pathways; we assume that early-established, core axonal connec-
tions are characterized by diverging diffusion qualities compared 
with more distal pathway sites, which, according to the cited litera-
ture in the preceding, undergo plastic change over a long period 
of time into adult life.
In general, we suggest there may be a number of different axonal 
arrangements which may occur in the process of forming a white 
matter pathway: a random pattern of arrangement may occur in 
which the pioneer axon could be localized at any possible site within 
the fasciculus, as illustrated in Figure 6B. Figure 6C illustrates any 
possible lateral position of the pioneer axon, all other subsequently 
developed axons having a clear spatial relation. The manifest archi-
tecture is characterized by a consistently laterally oriented pattern 
of ﬁ  bre maturation. Figure 6D depicts a ﬁ  bre arrangement, which, 
from our point of view, is the most likely for a number of reasons 
outlined in the following. Here, the pioneer axon is located medi-
ally, whereas the subsequently formed axons build a concentric 
architecture as a function of maturation and time.
Given that an initial neural connection between two cortical 
regions is built up by a pioneer axon, subsequent guided axons will 
appear according to the relevance and frequency of an innervated 
connection. Even though future axon generations – ultimately 
making up a proper fasciculus – arrange themselves in a random 
pattern, it is reasonable to assume that these axons tend to maintain 
a certain proximity to the ancestral axons. It is conceivable that 
this tendency most probably ensures an efﬁ  cient and preferentially 
targeted connection between two cortical regions (in case of the 
AF: the connection between inferior-frontal and temporoparietal/
temporal regions). It follows from this that spatial aspects play a 
major role in the ﬁ  nal architecture. Irrespective of axon diameter, 
an arrangement has to be considered that allows a smooth coexist-
ence of parallel-aligned axons especially in view of the reduction 
in disposable space over the protracted course of myelination. In 
summary, compared with earlier generations of axons later genera-
tions are forced to choose a trajectory that is radially more distant 
from the pioneer axon but still as close as possible. Consequently, 
these processes would yield a concentric architecture reﬂ  ecting 
the developmental course of a white matter pathway as illustrated 
in Figure 6D.
In assuming that white matter expansion may occur as a func-
tion of learning history, we interpret our DTI data as follows 
in the context of the proposed mechanism of neural formation 
and myelination. The implication of this for musical expertise and 
particularly AP is that there may be a link between expertise and 
certain anisotropic alterations that may be distinguishable in loca-
tion and characteristics from earlier (pre-expertise) developed parts 
of the SLF.
INTEGRATION OF THE PIONEER AXON THESIS
The fact that the ROIs (Figure 3) were created by thresholding 
the probability maps (p < 0.05) corroborates the suggestion that 
the identiﬁ  ed ROIs represent ontogenetically earlier sections of 
the AF, but this does not apply for the localization on the ante-
rior–  posterior axis. This is because the six positions of the iden-
tiﬁ  ed ROIs (3 groups × 2 hemispheres, Figure 3) depend on the 
two intersectional ROIs that were used to track the SLF of   single Frontiers in Human Neuroscience  www.frontiersin.org  February 2010  | Volume 3  |  Article 76  |  9
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subjects (Figure 1), which in turn form the basis for creating 
probability maps. In this context, the essential role of DTI prob-
ability maps might be clearer by referring to their main attribute; 
because high probability for local (voxelwise) ﬁ  bre occurrence is 
a consequence of low inter-individual variability of ﬁ  bre presence. 
Since in the AF high inter-individual morphological variations 
are assumed to develop at later stages of cortical maturation, we 
suggest that structures with very low inter-individual variabil-
ity and high morphological consistency tend to develop in very 
early maturational stages. This argumentation is supported by a 
longitudinal study of grey matter maturation that demonstrated 
a heterochronous pattern of cortical development (Gogtay et al., 
2004): In general, the data lead the authors to suggest that phylo-
genetical older cortical areas mature earlier compared with more 
recent evolved cortical regions.
As the identiﬁ  ed ROIs of SLF (Figure 3) represent the regions 
of lowest inter-individual variability, a plausible explanation is 
that ontogenetically early ﬁ  bre tracts characterize the core sec-
tion of a gross pathway like the AF. This conclusion is consistent 
with our Pioneer Axon Thesis, which presumes that the underly-
ing architecture of a white matter pathway is determined by a 
concentric axonal arrangement that reﬂ  ects the process of cor-
tical maturation and the following spatio-temporal pattern of 
myelination.
In view of the local arrangement of both the identiﬁ  ed ROI 
of APs left hemispheric SLF and the identiﬁ  ed cluster (the latter 
representing voxels with a signiﬁ  cant negative correlation between 
FA-values and AP-test error-rate), it is clear that the ROI (red col-
oured) is located at the core of the SLF, whereas the identiﬁ  ed cluster 
(golden coloured, also in Figure 5B) is located at the boarder of 
the SLF (Figure 6).
We assume therefore that the group-speciﬁ  c lateralization effect 
(Figure 7, red coloured, core arcuate region) putatively reﬂ  ects an 
earlier developmental stage before and during deliberate musical 
practice (pre-expertise-state). In addition, we identiﬁ  ed by mul-
tiple regression a distinctive peripheral cluster (Figure 7, golden 
coloured, superior border arcuate region) which might be associ-
ated with plastic changes following later acquired musical exper-
tise and AP. This would be consistent with a DTI study (McGraw 
et al., 2002) that compared compact white matter (corpus callosum, 
interne capsule, cerebral peduncle) with non-compact white matter 
(corona radiata and peripheral white matter). These authors sug-
gested that myelination is initially greater in compact white matter, 
whereas the change in myelination may be greater in non-compact 
white matter during early childhood. Moreover, our data lead us to 
suggest that a speciﬁ  c local anisotropic lateralization, characterizing 
the early matured compact core of the SLF, underpins the develop-
ment of AP under favourable environmental conditions, such as 
an early start to musical training and deliberate practice (Baharloo 
et al., 1998; Vitouch, 2003).
Alternatively, we cannot rule out the possibility that the dem-
onstrated anisotropic lateralization effects even in the core arcuate 
structure are due to plastic changes as a function of deliberate 
practice and musical expertise. But it is plausible to assume on 
the basis of our considerations and argumentation that effects of 
core white matter anisotropic characteristics more likely reﬂ  ect 
the impact of earlier ontogenetic stages of development than do 
peripheral group-speciﬁ  c alterations.
On might be concerned about the strength of the statistical 
effects. Certainly it would have been desirable to investigate larger 
sample of musicians and NM, to end up with more robust statistical 
effects. However, given the rare incidence of AP musicians in the 
population the present sample size (n = 13 per group) should by all 
means considered a reasonable and representative number.
Second, since our study emphasizes a relationship between dif-
ferences in structural architecture as a function of musical expertise 
and its implications for auditory and speech functions it would have 
been wishful to compare brain imaging data with behavioural data 
obtained from measurements of language proﬁ  ciency. However to 
the best of our knowledge a suitable behavioural screening that cov-
ers a broad range of speech and language functions does not exist.
CONCLUSIONS
In summarizing our results, we conclude ﬁ  rst that musical expertise 
combined with AP leads to a left-sided lateralization of mean FA-
values among the core structures of the AF, as identiﬁ  ed on the basis 
of high inter-individual morphological congruency. This effect is 
modulated considerably by the level of musical expertise (signiﬁ  -
cant interaction musical expertise × hemisphere), since RP musicians 
revealed no inter-hemispheric differences. Obviously, the aniso-
tropic properties of the selected SLF section represent a marked 
discriminatory feature of musical expertise and AP respectively.
Secondly, we identiﬁ  ed three distinctive clusters exclusively in 
the left SLF in AP musicians, whose FA-values correlated positively 
with the error rate evaluated by the AP-test. This proﬁ  ciency effect 
was not present in RP musicians. In other words, the higher the AP 
acuity in AP musicians the lower are the FA values within the identi-
ﬁ  ed three regions, two of which (Figures 5C,D) play an prominent 
role in language processing (Glasser and Rilling, 2008).
Thirdly, the Pioneer Axon Thesis proposes that peripheral white 
matter development (contrary to compact white matter core 
regions) is inﬂ  uenced considerably by environmental factors, in 
this case musical training, over a long period in postnatal life. Thus, 
deliberate music practice, which is the sine qua non of the acuity of 
AP, might be quantiﬁ  able in the form of particular alterations in 
white matter plasticity of auditory-related fasciculi like the SLF.
FIGURE 7 | A coronal (A) and a sagittal (B) view of the probability map of 
the APs’ left SLF are illustrated (blue). The red cluster represents the 
overlaid ROI (Figure 3) due to the thresholded probability map (p < 0.05), 
whereas the golden cluster (see also Figure 5B) represents voxels of FA 
values (−28, −28, 44) that are signiﬁ  cantly correlated (r = 0.758**) with the 
error rates of APs with respect to the AP-test.Frontiers in Human Neuroscience  www.frontiersin.org  February 2010  | Volume 3  |  Article 76  |  10
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With respect to the long-lasting debate as to whether AP is acquired 
or genetically disposed, further DTI studies would facilitate the investi-
gation of familial aggregation of anisotropic characteristics within the 
early developing region of the arcuate core. If our suggestion holds true, 
a musician’s family with many AP members should be separable from 
a musician’s family without AP members. In fact, such an approach 
might provide a better understanding of the interaction of genetics and 
environmental factors that contribute to the manifestation of AP.
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